Introduction
Thermal-sprayed corrosion resistant coatings are used in a wide variety of industries to enhance the lifetime of engineering components [1] . A number of thermal spraying methods are available and include arc spraying, detonation gun spraying, low pressure plasma spraying and high velocity flame spraying [2] . The introduction of high velocity oxygen fuel (HVOF) spraying was one of the most significant developments in thermal spray technology and involves using a supersonic flame-jet to spray a feedstock powder through an expansion nozzle onto a substrate surface [3] . The jet accelerates and melts the powder particles, which upon impact with the substrate, deform and adhere by mechanical interlocking. HVOF processes use lower temperatures and higher velocities than other thermal spray processes, which results in more compact and better quality coatings than are obtained using many other thermal spray processes. A range of coatings have been formed using HVOF spraying, including metal carbide [4] , cermet [5] , ceramic [6] and polymer coatings [7] .
One of the drawbacks of thermally sprayed coatings including HVOF coatings is that they do not offer the same level of corrosion resistance as the corresponding bulk alloys. Optimum coating performance is only achieved if the coating is free of interconnected pores and inclusions as these are potential sources of localized attack [8] . However, HVOF coating microstructures are dominated by inter-particle (splat) boundaries, which contain pores and inclusions that are often depleted of alloy elements [9] . As a result, the passivating films that form on these surfaces may not cover the metal surface uniformly resulting in less than optimum corrosion resistance.
Therefore, visualization of the uniformity of the coating surface reactivity, as well as 4 measurement of the corrosion resistance of these coatings, is important for optimising their performance [10] .
Scanning electrochemical microscopy (SECM) is an extremely powerful tool for obtaining spatially resolved reactivity information from surfaces. SECM is an electrochemical scanning probe technique that uses the faradaic reaction occurring between an ultramicroelectrode (UME) and a substrate surface as the analytical signal.
The position of the UME (the SECM tip) is controlled using piezoelectric positioners and it can be moved perpendicular or parallel to the substrate to obtain information about the surface conductivity or reactivity [11] . SECM has been used to visualise the local electrochemical activity of materials such as iron [12] , stainless steel [13, 14] , anodized aluminium [15] [16] [17] [18] [19] and titanium oxide [20] [21] [22] .
SECM was recently used to visualise the electrochemical activity of thin coatings of Inconel 625, a Ni base superalloy that is used as a corrosion-resistant material [23] .
In this paper, we describe the use of SECM to quantify the effect of the HVOF process on the electron transfer (ET) reactivity of HVOF- 
Electrode Fabrication and Electrochemical Measurements
SECM tips were prepared by sealing 12.5 µm radius Pt wire in borosilicate glass and polishing the tip surface using the methods described previously [24] . 
Surface Profilometry and Scanning Electron Microscopy
Before conducting SECM experiments the surface profile of all samples was measured using a Talysurf CLI 1000-3D profilometer (Taylor Hobson Ltd., UK). An area of 5×5 mm was scanned using a 2 µm radius stylus at 500 µm s - and Nb rich carbides at the grain boundaries [25, 26] . Figure 1 shows that the surface morphology of the coated sample ( Figure 1B ) was very different from that of the wrought alloy. Approximately disk-shaped splats (black arrow in Figure 1B ) were observed on the surface of the coated sample, as is common for HVOF-sprayed coatings of this material [23] . The black areas in Figure 1B are the splat boundaries (white arrow). During the HVOF process some oxidation of the hot alloy particles occurs, which depletes the outer regions of the particles of chromium and this depleted and oxidised material is predominantly found at the splat boundaries. It has been proposed that process-induced oxidation results in relatively poor corrosion resistance of the resulting coating [27] . substrates. At the Pt substrate, the response was essentially reversible; the ratio of the 8 anodic and cathodic peak currents, ip,a/ip,c was approximately 1, the peak-to-peak separation, ΔEp was approximately 60 mV, the peak potentials, Ep,a and Ep,c, were independent of the scan rate, , and ip was proportional to  1/2 . However, the CVs obtained at the wrought Inconel 625 substrate ( Figure 2B ), the Inconel 625 coating ( Figure 2C ) and at the stainless steel surface ( Figure 2D ) were all markedly different to that obtained at Pt. Ep for FcOH oxidation and reduction was greater than 500 mV in each case and increased as  increased, as expected for kinetically-controlled heterogeneous ET reactions. In the case of the stainless steel surface, the peak due to reduction of FcOH was observed at approximately -0.1 V and the peak for FcOH was observed at approximately 0.7 V. However, the oxidation peak was obscured by the presence of a large peak centred at approximately 1.1 V. Unlike the peaks due to FcOH oxidation and reduction observed at each substrate surface, ip for this peak was proportional to , suggesting that it was due to a surface process. To confirm that this was a surface oxidation peak, a CV was recorded at the stainless steel surface in blank K2SO4 and this is shown by the dashed line in Figure 2D . The presence of this peak in the CV obtained in the blank electrolyte clearly shows that the peak was due to oxidation of the stainless steel surface.
Results and Discussion

Microstructural Examination of Inconel 625 Coatings
Cyclic Voltammetry at Pt, Inconel 625 and stainless steel
Measuring the Kinetics of Heterogeneous Electron Transfer using SECM
The kinetics of ET across the substrate/electrolyte interface can be measured using SECM feedback approach curves obtained when the tip process is diffusion limited [28] . The rate constant for heterogeneous ET across the substrate/electrolyte 9 interface, k, can be obtained by fitting an experimental current-distance curve to Equation 1:
where IT(L) is the tip current at normalised distance, L, from the substrate, IT C is the normalised tip current at the same L value for diffusion-controlled positive feedback at a conducting substrate:
IS is the normalised kinetically-controlled substrate current:
where 
Equation 1 is valid in the range 0.01    1000 and, by fitting experimental approach curves to theoretical curves generated for various values of , the kinetics of electron transfer across the substrate/electrolyte interface can be measured. In this study, the Pt SECM tip was held at 0.6 V to drive the diffusion-limited oxidation of FcOH to FcOH + and a series of current-distance curves were recorded at each substrate at a range of substrate potentials [29] . For example, Figure 3A and, using this data, Tafel plots of ln k (k = D/a) versus the overpotential,
where E 0 ' is the formal potential of the FcOH/FcOH + redox couple) were constructed. Figure 3B shows a typical Tafel plot obtained using the fits shown in Figure 3A . Good linearity was observed in the Tafel plot indicating that valid kinetic measurements could be performed at this surface using SECM. This procedure was repeated for the wrought Inconel 625 and the fitted SECM feedback approach curves and Tafel plot obtained at this surface are shown in Figure 4 . Ru(NH3)6 3+/2+ oxidation at stainless steel, both k 0 and  are affected by the presence of the passive film on the substrate surface [14] .
The radius of the area of the substrate that participates in the feedback loop during SECM experiments is r  a + 1.5 d, where d is the tip-substrate separation [28] .
Therefore, it is possible to perform local kinetic measurements using SECM feedback experiments. Kinetic measurements were performed at a number of locations on a thermal sprayed Inconel 625 surface by first recording a feedback-mode image of the surface, which is shown in Figure 5 . The gradual increase in iT from the top to the bottom of Figure 5 is due to a slight tilt of the substrate. However, this image shows regions of higher and lower electrochemical activity, as was observed at thermal sprayed Inconel 625 coatings previously [23] . These regions of higher activity were approximately 50 m in diameter, which is twice the diameter of the SECM tip used in our experiments. Therefore, based on the relative dimensions of the tip and the regions of high activity on the surface, it should be possible to perform kinetic measurements at these locations and detect differences in electrochemical activity.
Feedback approach curves were recorded at a range of substrate potentials at each of the regions labelled a-f in Figure 5 and these are shown in Figure 6 , along with the best-fits to the data generated using Equation 1. Tafel plots of ln k versus  were constructed for each of the data sets obtained at the thermal sprayed surface and these are shown in Figure 7 . k 0 values determined for FcOH + reduction from the Tafel plots at each location are shown in Table 1 . The average k 0 value at the "inactive" sites (a, b and c) on the sprayed surface was 2.760.8  10 -4 cm s -1 , which was lower than that measured at the active sites d, e and f (4.940.5  10 -4 cm s -1 ). Therefore, the brown spots in the feedback SECM images obtained at thermally sprayed Inconel 625 surfaces clearly correspond to regions of higher electrochemical activity. It is important to note that the substrate roughness was such that topographic effects should be negligible during SECM imaging (see experimental section). Therefore, the heterogeneity in the rate of FcOH + reduction at the sprayed sample is clearly a result of the spraying process as such heterogeneity was not detected at the wrought Inconel 625 substrate. However, it is clear from our data that the spraying process does not increase the average electrochemical activity of the surface significantly beyond that of the wrought material.
In fact, the average k 0 at the sprayed surface was slightly lower than that measured at the wrought alloy. Therefore, it appears that the protective oxide that forms on the 13 sprayed surface hinders the electrochemical activity of the surface to a similar extent to the oxide formed on the wrought superalloy. It is possible that the spraying process introduces local variations in the thickness of the oxide layer on the sprayed surface as it solidifies and it is these variations in the oxide thickness that are the source of the heterogeneity of the surface activity. It is possible that the splat boundaries are the source of this heterogeneity as de-alloyed elements can be found in these regions. We are currently exploring this concept further using surface analysis but, as our results here show, SECM is very useful for quantifying the effect of thermal spraying on the electrochemical activity of superalloys.
Conclusions
In this study, SECM has been used to measure the rate of electron transfer across the interface between a thermal sprayed anti-corrosion superalloy (Inconel 625) coating and an aqueous electrolyte. The rate of electron transfer from the coating to a redox species in solution was measured at discrete locations on the sprayed surface and the rate varied across the surface. This data correlated very well that obtained using SECM imaging, which suggested that the sprayed surface was electrochemically heterogeneous. In addition, the data obtained from the sprayed surface was compared with data obtained from samples of the bulk wrought superalloy and stainless steel.
Our analysis reveals that, while the thermal spraying process introduces significant heterogeneity to the superalloy surface, the electrochemical activity of the coating is comparable to that of the bulk superalloy and higher than that of stainless steel. Thus,
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for the first time, we have used SECM to obtain quantitative insights into the effect of thermal spraying on the electrochemical activity of corrosion-resistant superalloy coatings. Table 1 . Standard heterogeneous electron transfer rate constants determined at the locations marked a-f in Figure 
